Granular aluminium powders and stearinecontaining stamped aluminium powders appear to be harmless. Only stamped powders containing a lubricant of mineral origin cause aluminium pneumoconiosis (Goralewski, 1947; Mitchell, Manning, Molyneux, and Lane, 1961; Swensson, Nordenfelt, Forssman, Lundgren, and Ohman, 1962) . In vitro experiments (Jager and Jager, 1941; Corrin, 1963) suggest that this is due to the mineral lubricant allowing tissue fluids to attack metallic aluminium. An alternative explanation would be that the small amount of mineral oil in the powder, rather than the aluminium, is responsible for the disease. This paper reports the results of animal experiments in which stamped aluminium powders containing different lubricating substances, and a granular aluminium powder containing no lubricant, were used.
Materials and Methods
Three kinds of stamped aluminium powder were used. Except for their stearine and oil content, they conformed to the general description given by Mitchell et al. (1961) , consisting of thin flake-like particles with the following size distribution: over 51t, 3%; 1-5,u, 47%; below lL, 50%. One powder contained 0-2% stearine but no mineral oil, whilst another contained 0-2% oil but no stearine. A powder containing neither stearine nor oil was also required, but it is impossible to make a stamped powder without any lubricating agent, and the stearine was therefore removed from a little of the stearinecontaining, oil-free powder by washing it with hot acetone until the washings were shown by evaporation to be fatfree. The stearine consists of 50% stearic acid and 50% palmitic acid. The oil is a conventionally refined light lubricating mineral oil consisting of aromatics, 313 %; naphthenes, 63-1 %; paraffins, 4-6%; and polar compounds, 1 %. No additives are incorporated in the oil. The granular aluminium powder, 99-5% pure, had the following particle size distribution: 1 to 5,t, 11 %; 5 to 10t, 17%; over 1OIL, 72%.
The animals used were female Wistar rats of 150 to 175 g. body weight.
The dusts were sterilized by autoclaving at 15 lb. per sq. in. pressure for 10 minutes. Immediately before administration, sterile physiological saline was added and the dusts were suspended by vigorous shaking in a final concentration of 100 mg. dust per ml. One millilitre of dust suspension was injected into the lungs of a rat by the 268 group.bmj.com on July 4, 2017 -Published by http://oem.bmj.com/ Downloaded from TABLE 1   NUMBER OF RATS INJECTED WITH EACH POWDER AND THEIR TIME OF SURVIVAL AFTER INJECTION   Powder  Time of Survival  Controls  Stearine-containing  Oil-containing  Stearine-and Oil-free  Granular  Up to 24 hours  3  2  5  1   -2 months  7  2  2  5  1  4 months  5  6  2  4  4  6 months  3  5  2  3  4  8 months   4  4  I  2  3  12 months  3  2  1  3  5  25  21  13  18  17 Groups of 37, 32, 15, and 18 rats received the stearinecontaining, oil-containing, defatted, and granular powders respectively, and 17 rats were injected with 1 ml. of sterile physiological saline containing no dust. Eight animals in each of the first two groups died of asphyxiation immediately after the injection; the injected fluid appeared to be added to by marked pulmonary oedema. A few more animals, which apparently recovered from the injection, died within the next 24 hours. Most of the remaining animals were killed at two-monthly intervals (Table I) but a few died spontaneously and a few were killed within the first month to study the early development of the lesions (Table 2) .
The animals were killed with ether, and the abdomen, thorax, and neck were opened in the midline, cutting through the sternum and snapping open the shoulder girdle. After opening the trachea the lungs were distended gently by the intratracheal injection of about 10 ml. of 10% formalin. The trachea was then tied off and the entire thoracic contents removed and placed in an excess of fixative. After about four days blocks were taken from the lungs and hilar lymph nodes and embedded in paraffin. Seven-micron sections were cut and stained with haematoxylin and eosin, Masson's trichrome stain, and aurine tricarboxylic acid (for aluminium). Certain sections were also stained with the periodic acid-Schiff, Unna-Pappenheim's methyl green-pyronine, and Weigert's elastin stains. In some cases frozen sections were stained for fat, and tissues from some animals were sectioned serially to study the Appearances at 2 months.-Seven rats were killed 2 months after the injection. The lungs of these animals showed numerous firm dark nodules distributed equally throughout all lobes, and the hilar lymph nodes were enlarged and dark grey. Microscopically, the even distribution of the nodules throughout the lungs was confirmed (Fig. 1) . The nodules were of varying size, well defined, and sharply demarcated from the surrounding lung tissue (Fig. 2) . They contained many macrophages and dust particles and a few plasma cells and fibroblasts. Many of the dust particles had been ingested by the macrophages. Also present in the nodules was a rich network of hyaline collagen fibres, passing haphazardly between the cells and the dust particles (Fig. 3 ). The collagen fibres formed an irregular pattern and showed neither a concentric nor a radial arrangement. Within the nodules, the lung tissue was entirely destroyed and replaced by fibrous tissue. Frequently the nodules were situated close to a respiratory or terminal bronchiole, showing that the dust had maintained its original distribution except for local concentration into morecompact collections.
Outside the nodules there was only a small amount of dust, and most of this was intracellular. The dustcontaining macrophages lay mainly within the lumen of alveoli. Occasional dust cells appeared to be inside alveolar walls, but it was difficult to exclude the possibility that they were merely applied closely to the walls. Apart from the presence of dust and macrophages, the lung tissue between the nodules appeared normal.
The dust-containing cells all had a slightly foamy cytoplasm. Fat stains were negative, but the macrophages were strongly Schiff-positive. Plasma cells were fairly numerous at the periphery of the nodules. Many of the dust particles gave a strongly positive reaction with aurine, indicating that aluminium was entering into solution.
The hilar lymph nodes contained numerous dust particles, mainly intracellular. The lymphatic sinuses were distended by dust-laden macrophages but there was no fibrosis.
Appearances at 4 months.-Five animals were killed at this stage. Their lungs contained small firm nodules of similar distribution to those seen previously. In addition to the dark dust pigment, pale grey fibrous tissue in the nodules could now be seen by the naked eye. Microscopically, more collagen was apparent in the nodules, and macrophages were fewer than at 2 months. The centres of the nodules consisted of dense hyaline collagen containing dust particles, but very few cells (Fig. 4) . However, at the periphery of the nodules, fibroblasts and dust-laden macrophages were numerous, indicating that active fibrosis was proceeding at that site. Plasma cells were also present at the periphery of the nodules. Dust cells were still Schiff-positive, and many dust particles gave a positive aurine reaction for aluminium. Between the nodules there was considerably less dust than had been seen previously. Dust had been removed from this position, presumably to the fibrous nodules or to sites outside the lung. The lymph nodes at the hilum of the lung contained much intracellular dust but showed no fibrosis. Appearances at 6, 8, and 12 months.-Three, four and three animals were killed at 6, 8, and 12 months respectively. In all these animals, small hard nodules were palpable in the lungs, and occasionally the visceral pleura was wrinkled over the more superficial nodules. On the cut surfaces of the lungs the nodules showed a dark and pale grey mottled appearance due to intermixed dust and fibrous tissue.
Microscopically, the fibrosis consisted of thick hyaline fibres which surrounded the dust particles in an irregular manner. As before, the centres of the nodules consisted almost entirely of dust .$, 24 wg these animals and those killed two months after receiving the stearine-coated powder showed no N5L4i;Ff{f>% sSX*v4;9< ti differences whatsoever (Fig. 6 ). Appearance 24 hours after the Injection.-One rat was killed at this stage. The lungs had a uniformly faint grey appearance. No patchiness in the distribution of the dust was apparent. Histological examination showed considerably fewer dust particles than were present in the animals receiving stamped powders; the larger size of the granular particles was also noticeable. The particles were scattered equally throughout the lungs and were situated within alveolar sacs. Occasionally a few particles were found close together but generally the particles were quite separate and there were no focal collections or aggregates. Small numbers of macrophages were present in the alveoli but there was no other abnormality.
Appearances at 2 months.-Five rats were killed 2 months after the injection. Their lungs all had a uniformly faint grey appearance. Microscopically little change was noticed from the appearances seen immediately following the injection. There was no alteration in the distribution of the dust. Macrophages were slightly increased in number, and small collections of them, together with a few lymphocytes, were found about occasional dust particles. However, the cellular exudate was not great and many dust particles lay free in the alveolar lumina. No fibrosis was detectable and the dust particles did not stain with aurine tricarboxylic acid, in contrast to the particles of all three stamped powders which by this stage stained intensely with aurine. The hilar lymph nodes showed slight endothelial proliferation and contained a few dust particles, but there was no evidence of fibrosis.
Appearances at 4, 6, 8, and 12months.-Four, three, two, and three rats were killed at 4, 6, 8, and 12 months, respectively. Changes from the appearances seen at 2 months were few. There were a few small collections of macrophages, lymphocytes, and dust particles, and after 4 months Masson's stain showed an occasional thin collagen fibre in a few of these collections. However, the fibrosis did not progress and even up to a year after the injection such an appearance was exceptional. Most of the dust particles lay free in the alveoli and excited no cellular or fibrotic response (Fig. 9) . The appearances amounted to no more than a mild foreign body reaction to an inert dust. The stamped aluminium powders are highly fibrogenic and contrast strongly with the granular powder. The difference in particle size and shape between the granular and stamped aluminium powders does not allow a close comparison of these two types of dust, but the difference in tissue response is so marked that it can hardly be accounted for solely by differences in the dimensions of the dust particles. Atmospheric oxidation of the surface of the granular particles, due to the absence of a lubricant in the manufacturing process, may protect this dust against solution in the lung. The granular powder appears to be almost inert in vivo and is considerably less active than the stamped powders.
The fibrous reaction to the stamped powder is present as early as 16 days after the injection and is well established by 4 months. This corresponds to the clinical experience, which is that aluminium pneumoconiosis occurs after relatively short exposures and is rapidly progressive. (In the two fatal cases of Mitchell et al., symptoms commenced 2 years 6 months and 3 years after the first exposure to aluminium dust, and death occurred 1 year 2 months and 2 years 4 months after the onset of symptoms.) The experimental lesions do not have the diffuse distribution of the human disease, but this is attributable to the intratracheal injection technique which distributes the dust in a patchy fashion.
There is no evidence that the fibrosis is due to pulmonary infection or that infection is a necessary part of the fibrogenic process, as it was in the experiments of Jotten and Eickhoff (1943) . Sterile apparatus was used throughout the experiments, and at the end of a series of injections the remaining dust suspension was expelled through the cannula which had been introduced into the rats' tracheas, plated on culture media, and shown to be sterile. The histological appearances were not those of pulmonary infection.
In identifying the fibrogenic agent in the powders, spectrographic analysis (Corrin, 1963) has shown that dangerous trace elements such as beryllium are absent. As well as aluminium and its compounds, the powders contain stearine, mineral oil, and carbon. Carbon may produce slight fibrosis if present in large amounts, but the main feature of coal-workers' pneumoconiosis is emphysema and not fibrosis (Heppleston, 1953) ; the carbon content of the stamped aluminium powders is small (1 to 2%) and this component has therefore been disregarded.
Fatty substances are known to be capable of producing severe lung damage (Pinkerton, 1928) (Goralewski, 1947; Mitchell et al., 1961; Swensson et al., 1962) . However, the fact that all three powders produced severe fibrosis indicates that both stearine and mineral oil may be discounted as possible fibrogenic factors for neither is common to all three powders; indeed, one of these powders has had its lubricant removed. This provides indirect evidence that it is neither of the lubricants which is responsible for the fibrosis, leaving only aluminium and its compounds as possible fibrogenic agents.
The expected difference in the effects of the two lubricating agents has not been realized in these experiments. Stearine was shown to prevent contact between water and aluminium in vitro and was expected to prevent fibrosis in vivo, but the stearinecontaining powder was found to be just as fibrogenic as that containing oil. An explanation for this must be sought.
It might be postulated that the disease was due to an increase in dust concentration following the introduction of mineral oil. No dust measurements had been made before this change, but the management emphasize that there was no alteration in the process other than the introduction of mineral oil and that there was no apparent change in its dustiness. It is unlikely that an alteration in such a small part of the powder as the lubricants (less than 1 %) would affect its behaviour as a dust, particularly since particle size and shape in stearine-and oil-containing powders are identical.
In the injection experiments, freshly made powders have been used exclusively, but in the in vitro experiments the powders were not fresh. If the protective action of stearine took some time to develop, as it does in aluminium paint powder (Edwards and Wray, 1955) , this would explain the anomaly between the results of the in vivo and in vitro experiments. This explanation, however, is at variance with the occupational experience for the stearine-coated powder has apparently been free of harmful effects for many years, although it is encountered by the workmen during its manufacture, i. 
